Introduction
In order to avoid any severe damage, maintenance activities are a key factor to reduce the cost of wind energy. Operation and Maintenance (O&M) costs vary from 18% -23% for European offshore wind farms and 12 -30% for onshore projects [1] [2] [3] . As stated by Richardson, availability of offshore wind turbines needs to be in the order of 98% to achieve an acceptable cost of energy [4] . However, availability of offshore wind farms is very variable, usually between 70-90% [5] . In order to increase wind turbines availability, it is necessary to increase the reliability of every wind turbine component. In the study published in [6] , an analysis of downtime per failure and failure rate was performed based o c Measurement and Evaluation Programme (WMEP)". This study was based on 15400 turbine years where the gearbox was identified as one of the components with the highest downtime per failure, but with one of the lowest failure rates. Moreover, the study carried out in [7] compares existing surveys in wind turbine component failure rates and downtime. The Windstats report shows that the gearbox has the largest downtime per failure, and Reliawind shows that the gearbox is the drive train subcomponent with the highest contribution to overall downtime. For this reason, it is critical to avoid any major failure, especially for offshore wind farms.
Currently, online condition monitoring systems (CMS) give information about the condition of the drive train in order to detect developing failures at an early stage and facilitate condition based maintenance. However, the present, usually vibrationbased CMS have a limited fault-detection certainty. During the last years it has been found that gearbox oil can provide valuable additional information about wear-related damage in the gearbox and also oil quality by including particle sensors in their CMS [8] [9] [10] .
Several sensor types can be used for online Oil Condition Monitoring (OCM). According to a market research, oil sensors commercially available in the industry can measure humidity, viscosity, ferromagnetic, non-ferromagnetic particles and some special sensors can measure the air content in the oil. However, the use of oil sensors is relatively new for the wind energy industry. Moreover, it is not completely clear which parameters should be measured or which thresholds should be set to allow effective monitoring of the gearbox condition. Currently, the sensors are installed in wind turbines to be validated. This procedure involves high costs and in some cases the results shown by the sensors cannot be easily explained, and further analysis of the data is required. Some studies have been conducted to test oil sensors for functionality purposes [11] [12] and some other for prognosis proposes [13] [14] . However, these tests do not include functionality tests under external effects. In this paper, external effects denote the disturbances that could affect the sensor measurements and that are not related to permanent changes in the oil properties e.g. ambient temperature or vibrations.
This paper presents an approach to validate oil sensors for wind turbine gearboxes based on vibration and ambient temperature tests in a Highly Accelerated Life Test/ Highly Accelerated Stress Screen (HALT/HASS) chamber. Section 2 describes the most common sensors available in the market. Section 3 includes a description of a test method by means of a HALT/HASS chamber. Section 4 shows the results obtained from tests carried out on an oil properties sensor. A discussion about the results and how a new test facility will complement the test method in section 3 is presented. Finally conclusions are drawn from the presented results and an outlook to future work is given.
Sensors available for oil condition monitoring
The market offers a large range of products for OCM. The sensors installed in wind turbines include mainly measurement of pressure, temperature and particles. In [15] a detailed overview of the OCM sensor technology for several applications is presented. This study highlights the importance of capacity and viscosity sensors and how dielectric constant sensors could contribute to monitor oil degradation. Based on a market research carried out during this project, more than 20 sensor manufacturers are involved with OCM, offering among others, sensors measuring water content, particles concentration, amount of particles, dielectric constant, viscosity, oil quality. Particle sensors are already installed by some wind turbine manufacturers. Table 1 introduces the most common sensors commercially available in the market: 
Water-content sensors
These sensors measure the relative humidity or the saturation level of the oil. Water has several negative effects on the oil. Water catalyzes oxidation affecting the lubrication capacity of the oil and accelerates corrosion of ferrous materials. In addition, water causes additives to precipitate and fosters the growth of microorganisms [16] . A water sensing technology that is widely applied in the industry is capacitance measurement. Capacitance sensors are basically capacitors with polymer dielectric and platinum nickel or gold metallic electrodes. They are suitable for a wide range of applications. The capacitance responds to changes in the relative humidity which can be correlated to the saturation level in the oil [17] . The saturation depends on the type of base stock and additive package. Due to the fact that the operating conditions such as pressure and temperature also have an influence on this value, the saturation level cannot be directly correlated to the water content in parts per million. In this case the saturation curve of the oil is necessary. The significance of water sensors lies in their capability to give information about the saturation level and about the changes in the absolute water content.
Particle-concentration sensors
These sensors are programmed to quantify particles based on ISO 4406. The ISO standard define a cleanliness level by three numbers a/b/c that refer to an ISO range code, where a represents particles 4μm>, b represents particles 6μm> and c represents particles 14μm> on 1ml of fluid. Based on the research from [9] [10] [18] , particle contamination reduces significantly the lubricant performance and accelerate wear. Particles smaller than 40 μm are particularly undesired. They have a similar size as the lubricating film between bearing surfaces creating overpressure in the Elasto-Hydrodynamic-Lubrication film thickness [9] . Small particles can also form silt and cause erosion wear [16] . Particle concentration sensors are usually installed in parallel to the main lubrication circuit, due to the limited volume flow rate working range. According to [9] , these sensors are not very effective for early failure detection, but it can give information about the oil filter performance and the contaminants production.
Particle-counter sensors
Particle counter sensors are used to monitor the gearbox condition but not the oil cleanliness. As stated in [9] , monitoring wear debris can give an indication of important damages, like pitting. These sensors detect particles larger than 50μm and exhibit detection limitations related to the flow rate. For example, a sensor with a flow of 120l/min can only detect particles >100 μm. These sensors can also count air bubbles as particles; this can lead to a misinterpretation of the output signals.
Dielectric constant sensors
During oil degradation, an oxidation process takes place. The amount of polarized molecules increases, changing the dielectric constant of the oil. The dielectric constant is also known as relative permittivity. The value of the dielectric constant varies with the frequency of the applied electric field [19] . Based on the study from Dingxin et al. [20] , it is not possible to measure the dielectric constant directly, however capacitive sensors gives high accurated indirect measurements and rapid dynamic response. These are necessary characteristics for online oil condition monitoring sensors.
Experimental tests executed by [21] revealed some correlations between the moisture content, acid number, iron content with the dielectric constant. The dielectric constant showed a direct proportional correlation with the previously mentioned parameters, and exhibited to be more sensitive to changes in the moisture content than to changes in the acid number or the iron content.
Viscosity sensors
Viscosity is one of the most important properties of the oil directly related to the lubricating film thickness. Viscosity determines the flow internal resistance of the fluid. Viscosity measurements need the fluid to be sheared. In order to achieve oil shearing, several approaches have been developed. As stated in [22] , several considerations should be taken into account to analyze a viscosity sensor. The performance of the sensor depends on the measurement principle and the environmental conditions. As stated in [22] the system pressure can lead to stress that will give data with an inaccuracy of more than 10 %, which is a problem for industrial applications. Another example, an acoustic measurement principle will present inaccurate results for high viscosity oils, like gearbox oil, due to the damping which affects the sensing element. The operating conditions and the ingress of contaminants have an influence in the remaining useful life of the lubricant; therefore a change in the viscosity could be caused by several combined effects leading to different oil life spans. This has been tested in engines by Turner and Austin [23] . However viscosity depletion must be considered regardless of the process that caused it, due to the important role of viscosity for the lubrication film thickness.
Oil-quality and oil-properties sensors
The terms "oil quality sensor" and "oil-properties sensor" typically denote combined sensors based on the measuring principles mentioned previously. The oil quality sensors include a user friendly interface showing a color code or an oil quality index indicating the oil condition based on dielectric constant, capacitance or conductivity measurements. However for the purpose of condition monitoring, a crucial present challenge lies in the lack of a standard procedure for the choice of threshold values, which would allow to determine if an oil is acceptable for further use or not.
The oil-properties sensors give an indication of the oil condition based on several measurements including dielectric constant, temperature or viscosity; however the correlation of the measured parameters and the interpretation of the data for wind turbines are still in development.
Test method using a Highly Accelerated Life Test (HALT)/ Highly Accelerated Stress Screen (HASS) chamber
As explained in the previous sections, there are several oil-sensor technologies existing in the market with the possibility to measure numerous parameters. However, no reproducible tests are available to verify the sensors functionality under realistic gearbox operating conditions related to external effects e.g. vibrations, ambient temperature. In order to develop a test method with realistic scenarios, the present work investigates the possibility to use a HALT/HASS chamber. The HALT procedure is usually used in reliability engineering during the design phase of a product in order to detect and assess weaknesses in a product design [24] . In this paper, we use the HALT/HASS chamber to recreate realistic operating conditions based on vibrations and temperature measurements from a real wind turbine, which are the most relevant external effects related to the environmental and operating conditions. The analysis of external effects allows assessing the sensors accuracy and functionality, as the oil properties are known and do not change during the test. Therefore, the sensor measurements can be easily compared with the values provided by the manufacturer. It is important to mention that no accelerated high stresses were recreated during the test; the chamber is only used to simulate the real operating environmental conditions inside the nacelle.
In this study an oil properties sensor is tested. This oil properties sensor measures viscosity, density, dielectric constant and temperature. The main objective of the test is to determine how vibrations and ambient temperature affect the sensor output signal. It is expected that the sensor shows a viscosity-temperature behavior similar to the viscosity-temperature curve provided by the manufacturer. In addition, no significant changes in the dielectric constant or density are expected as the oil properties remain constant, and the oil temperature will not vary more than 10°C [19] .
In order to test the oil properties sensor, the development of vibration and temperature profiles is necessary to carry out the test in the HALT/HASS chamber. The profiles were taken from measurements carried out on a 1 MW wind turbine in the year 2008. The temperature was measured using a temperature sensor attached to the gearbox housing. Based on representative daily season profiles, a compressed profile has been developed combining a representative winter and summer day. Fig. 1 shows this temperature profile, in which the time is reduced from the measurements of two days to approximately 5 hours (300 minutes). The vibration profile was created based on a frequency spectrum of the acceleration measured on the last geared stage of a wind turbine gearbox. This spectrum was transformed into the time domain and then the root mean square (rms) values of acceleration of gravity (g) were obtained and the profile was normalized. Because the time duration of the obtained profile was not long enough for the entire duration of the test, patterns were repeated in order to be synchronized with the duration of the temperature profile. This simplification was necessary to carry out the test due to the fact that the HALT/HASS chamber cannot recreate any vibration spectrum, but only steps signal of effective values of an equivalent white wide band spectrum with a frequency range of 100Hz -10kHz; therefore only vibration rms amplitudes could be recreated and not the whole spectrum. The grms normalized values were scaled to the sensor vibration limit (20grms). Fig. 2 shows the combination of the temperature and the vibration profile for the first hour. 
Summer day Winter day
In a wind turbine gearbox, the oil temperature should remain as constant as possible; however the temperature inside the nacelle varies significantly and oil-properties sensors are usually exposed to these changes as they are installed in the external pipes of the gearbox lubrication system.
The mounting in the HALT/HASS chamber was carried out fixing a reservoir using long threaded rods inserted through a wooden base secured to the HALT/HASS chamber vibrating plate. Fig. 3 illustrates the experimental setup: The oil properties sensor was installed next to the thermometer. The sensing element was in direct contact with the oil. The cabling and the upper part of the sensor were exposed to the temperature changes of the test. The evaluation unit for data collection was placed outside the chamber at ambient temperature. A gearbox mineral oil with ISO Viscosity Grade (VG) 320 was chosen to perform the tests.
Results and discussion
The HALT/HASS chamber showed high accuracy in the replication of the profiles. The deviation of the set point and the measured temperature and vibration by the sensors in the HALT/HASS chamber was analyzed. The results showed a standard deviation of ±1.2°C and ±1.2 grms for temperature and vibration respectively.
Temperature output results
The objective of the temperature test is to assess the influence of the ambient temperature on the oil properties sensor measurements. In order to start the test, the oil sample temperature is set to 70°C by a heating unit that controls the temperature of the oil in the reservoir. The oil temperature is measured by the thermometer and the oil-properties sensor, as shown in the setup in Fig. 3 . The oil properties sensor takes a significant time to get close to the set point of 70°C. After 3 hours, the oil sensor measurements still showed a difference of 6°C in regard to the temperature showed by the thermometer and the set point in the heating unit. During a previous test at ambient temperature with a small stirrer to recreate flow in the oil, the temperature difference between thermometer and oil-properties sensor was around 2% and during the test in the HALT/HASS chamber this difference increased up to 9%. This temperature difference and the long stabilization time could be explained by the different flow regime in both tests. In the HALT/HASS test, no stirrer was installed, so that the flow was produced only by the vibration inside the chamber. It was then assumed that the temperature difference between the oil-properties sensor and the thermometer is an offset due to the lack of oil flow. Fig. 4 shows the oil properties sensor temperature output signals during the winter and summer temperature test to observe possible variation of the sensor measurements due to ambient temperature changes. The output signal of the thermometer measurements shows that the oil temperature is reduced by 4°C during the winter profile. The temperature output signal of the oil-properties sensor exhibited a higher dispersion during the winter profile than during the summer profile with a maximum value of the dispersion of approx. 10°C. It could be also observed that the oil properties sensor showed a higher increase in the temperature measurements after the highest temperature point in the summer profile (>40°C). Concerning the influence of vibration, the temperature shows a slightly increase when the vibrations were close to 20grms. There are two possible reasons for these changes. One is that the oil is agitated so the sensor gives output values that are closer to the oil temperature set point, or that the sensor exhibit a higher deviation due to fact the 20 grms is a limit of the operating range according to the sensor specifications. Fig. 5 shows the vibration levels and the temperature as a function of time. 
Viscosity output results
In order to assess the accuracy of the sensor measurements, a comparison with the viscosity curve provided by the oil fabricant as a function of the oil temperature is shown in fig. 6 . It can be observed that the viscosity corresponding to the thermometer temperature measurements have values between 60-70 mPa·s approximately. However the oil-properties sensor measurements shows a higher dispersion, particularly between 60-65°C The oil-properties sensor viscosity measurements exhibit a larger dispersion at low ambient temperatures. Moreover, for ambient temperatures under 0°C or oil temperature around 60°C degrees, the deviation of the viscosity measurements reached 50% for some values, with an average of 33%. The results show that the sensor exhibit a significant deviation in regard to the viscosity-temperature curve provided by the manufacturer, which contrast with the expected sensor output signal. As the viscosity depends on the temperature and the sensor temperature exhibit an offset, the viscosity measurements could be also affected. Additionally, this deviation can be also explained for the effect of low ambient temperature and the low volume flow rate in the sensing element.
Density and dielectric constant results
The density and the dielectric constant provided by the oil-properties sensors remained stable during the test as it has been expected. In Fig. 7 , it can be observed that some single values showed a small deviation approx. 8% for the dielectric constant. However, any systematic correlation with vibration or temperature values could be detected. Fig. 7 . Dielectric constant and density as a function of time.
Discussion
As seen in the previous sections, the HALT/HASS chamber can simultaneously simulate the vibration levels and extreme ambient temperatures occurring in a nacelle of a wind turbine. The results show that the flow conditions have an impact on the sensor output measurements for two reasons: first, oil in motion facilitates heat transfer and in consequence a more uniform temperature in the reservoir. Second, the oil properties sensor cannot work accurately if there is no oil flow through the sensing element. This flow was not verified by the HALT-test experimental setup, as the motion was expected to be produced by the vibrations in the chamber.
However, it could be observed that the oil-properties sensor was affected by low ambient temperatures. The temperature and viscosity measurements showed a higher deviation when the experimental setup was exposed to temperatures under 0°C. The deviation between the viscosity measurements and the reference values provided by the oil fabricant was on average 33%. There is a strong dependency between the oil temperature and the viscosity measurements. The deviation found in the viscosity measurements are likely to be related to the experimental setup, which has an influence on the oil temperature measurements. In the case of the oil properties sensor, it was possible to perform an analysis because the characteristics of the oil where known. However, it is necessary to complement the test to verify the minimal flow conditions through the sensing element. Moreover, by using the same testing procedure no particle-concentration or particle-counter sensors could be tested. In order the assess particle sensors, it will be necessary to recreate a flow and to insert different particles or wear debris in the oil. Therefore an oil sensor test bench is currently under development at Fraunhofer IWES in order to provide a test rig for realistic reproduction of the wind turbine gearbox operating conditions including changes in the oil properties.
Conclusions
In this article, an overview of the current oil-sensor technology for wind turbine gearboxes is given. The main characteristics of different oil-sensors measurement principles are discussed. A test method for gearbox-oil sensors using a HALT/HASS chamber is described, and test results on an oil-properties sensor with gearbox oil are presented. Temperature and vibration profiles were recreated based on measurements from a wind turbine. The results show that the temperature measurements registered by the sensor are shifted on average 6°C. The observed deviation in the temperature measurements could be partly caused by the experimental setup. Low ambient temperatures have an influence on the temperature and viscosity measurements; in the case of viscosity, a maximum deviation of 50% was observed. The dielectric constant and the density remained constant during the test as should be expected.
This first approach will allow the development of a new test method that could recreate the effect of different contaminants, oil aging and mounting positions to provide more realistic scenarios, based on the operating condition of a wind turbine gearbox. Taking into account the limitation of the presented experimental setup as first approach to assess oil-sensors, a new test bench will be developed by Fraunhofer IWES. Further work will include the design of this test bench that could be representative of the operating conditions on a wind turbine. Testing several sensor types will allow assessing oil condition monitoring systems and their implementation in wind turbines.
